Introduction
============

The Shaanbei White cashmere goat, a prominent Chinese domestic goat breed, is farmed to provide fine hair fiber (cashmere) and meat. Cashmere goats have primary hair follicles (HFs) and secondary HFs, which produce guard hairs and cashmere fibers, respectively [@B1]. Cashmere is an important economic trade good worldwide and has a global market [@B2]. The number and cyclical growth of HFs affect the diameter and yield of cashmere fibers [@B3], and incremental changes in HF stem cell (HFSC) behavior should result in effective changes in the size and structure of HFs. Due to their continuous cycles of quiescence and activation in different cell lineages, HFSCs represent an excellent model for studying the characteristics of adult somatic stem cell functions [@B4]. Understanding the proliferation and differentiation mechanisms of HFSCs is an important prerequisite for developing strategies designed to determine the principia of the plasticity and clinical therapy of hair loss diseases [@B5], [@B6].

Dermal papilla cells (DPCs) play an important role in the differentiation of HFSCs into HFs. In the resting phase, HFSCs located in the bulge region of the HFs. During the apoptosis of matrix cells, dermal papilla (DP) migrate upward and, when reaching the bulge, release signals that stimulate the differentiation of HFSCs and trigger the regeneration of HFs [@B7], [@B8]. Although Zhang *et al.* have previously constructed an *in vitro* co-culture system of DPCs and HFSCs using transwell inserts [@B9], the relationship between DPCs and HFSCs and the mechanisms whereby DPC-derived exosomes (DPC-Exos) regulate HFSC behavior are not fully understood.

Exosomes play an important role in cell-to-cell communication, and DPC-Exos have been shown to promote the anagen stage and delay the catagen stage of HF growth [@B10], and to stimulate the proliferation and differentiation of outer root sheath cells [@B11]. Exosomes transport micro RNA (miRNA) and mRNA or transcription factors (TFs) to nearby cells, thereby influencing the function of these cells [@B12]-[@B14]. Previous studies have indicated that exosomal miRNA plays an important role in regulating the target genes and signaling pathways that are necessary for osteoblast differentiation [@B15]. However, most of these studies have focused on cancer invasiveness and osteoblast differentiation, whereas the mechanisms whereby DPC-Exos miRNA regulates the proliferation and differentiation of HFSCs remain undetermined.

Micro RNAs are key negative regulating factors that influence the timing of organogenesis, apoptosis, proliferation, and differentiation [@B16], [@B17], and some play important roles in the regulation of HF development and periodic growth [@B18]-[@B22]. However, to date, no studies have examined the differences between the miRNA expression profiles of DPC-Exos and DPCs in HFs. Although exosomal miRNAs derived from DPCs might play a critical role in regulating the proliferation and differentiation HFSCs, this has yet to be determined. Thus, in the present study, we isolated and identified DPC-Exos from Shaanbei White cashmere goats, and sequenced DPC and DPC-Exos miRNAs via high-throughput sequencing to examine if these DPC-Exos miRNAs regulate the fate of HFSCs. To elucidate the regulatory mechanism of DPC-Exos miRNAs, we also identified the target genes of these specific miRNAs. The findings of this study will provide a theoretical reference for future research on the fine regulation of HFSC proliferation and differentiation.

Materials and Methods
=====================

Animals
-------

Adult cashmere goats were obtained from the Shaanbei White Cashmere Goat Farm of Yulin University, Yulin, China. All studies were conducted in accordance with the guidelines approved by the Experimental Animal Committee of the Northwest A&F University, Yangling, China (Approval ID: 2014ZX08008-002).

Isolation and culture of HFSCs
------------------------------

The HFSCs isolated from the HFs of Shaanbei White cashmere goat adults were identified, preserved, and cultured as previously described [@B23]. Skin samples (1 cm^2^) were clipped from the back of adult Shaanbei White cashmere goats, sterilized in 3% povidone iodine and 75% ethanol, cut into 0.5 cm × 0.5 cm segments using ophthalmic scissors, washed at least three times with phosphate-buffered saline (PBS), and then treated with 0.25% Dispase II for 14 h at 4 ºC. The HFs were separated from the connective tissue using a syringe needle under a stereomicroscope, and cultured in 24-well dishes containing Collagen IV and Dulbecco\'s Modified Eagle Medium/ Nutrient Mixture F-12 (DMEM/F12) medium supplemented with 1% penicillin-streptomycin mixture, 10 ng/mL insulin, 10 ng/mL epidermal growth factor (EGF), 0.4 μg/mL hydrocortisone, and 2% fetal bovine serum (FBS) at 37ºC in a 5% CO~2~ atmosphere. After tissue adherence, the nutrient medium was changed every three days and cell growth was observed under the microscope.

Purification of HFSCs
---------------------

Passage 1 and 2 (P1 and P2) HFSCs were digested with TrypLETM Express Enzyme (Gibco, Carlsbad, CA, USA) for 6-10 min at 37 °C, passaged every 6-10 days in a 1:3 to 1:5 ratio, and then purified using a modified version of a previously described method [@B24]. The purified P2 HFSCs were seeded in six-well plates and digested at 80-90% confluence. The reaction was terminated using fluorescence- activated cell sorting (FACS) buffer (500 mL Dulbecco\'s phosphate buffered saline + 3% FBS + 2 mL 0.5 mM ethylenediaminetetraacetic acid), and the cell suspension was then centrifuged at 1000 rpm for 5 min. After discarding the clear supernatant, the pelleted cells were resuspended in FACS buffer containing anti-CD34 primary antibody (1:100, ab81289; Abcam, Cambridge, UK), and incubated at room temperature for 40 min. Following incubation, the cells were washed twice in 3 mL FACS buffer and resuspended in FACS buffer containing Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody Alexa Fluor® 488 conjugate (1:1000, A-11008; Thermo Fisher Scientific, Waltham, MA, USA), and incubated on ice for 30 min. Cells were then washed twice with 3 mL FACS buffer and filter-centrifuged using 300-400 µm filters. The resulting pellet was resuspended in FACS buffer and placed on ice for FACS on the BD FACSAria™ III (BD Biosciences, San Jose, CA, USA), and the sorted cells were used for subsequent experiments. All cells between P4 and P6 were maintained at 37 °C under a 5% CO~2~ atmosphere for further experiments.

Cell growth curve
-----------------

Fifth passage HFSCs were seeded at 1 × 10^4^ cells/mL in 24-well plates and counted in triplicate at 24 h intervals using a hemocytometer. Mean cell numbers were calculated and used to plot cell growth curves.

Isolation culture and DiI labeling of DPCs
------------------------------------------

The DPCs were isolated as previously described [@B25]-[@B27]. Samples of Shaanbei White cashmere goat skin were collected and processed as described in "Isolation and culture of HFSCs". After digestion for 30 min at room temperature in DMEM/F12 medium containing 0.2 mg/mL Collagenase II (Gibco), the DP of the HFs were microdissected using forceps and syringe needles under the microscope, and then added to a 24-well culture plate (one DP per well) and cultured in DMEM/F12 medium containing 10% FBS in 5% CO~2~ at 37 °C. After 3-5 days, the cells migrated from the mastoid and the medium was changed every 2 days. Only DPCs before P5 were used in subsequent experiments.

Following the addition of 1 μM DiI, the fluorescent dye used to label the DPCs, the cells were incubated at 37 °C for 1 h; this process was entirely performed in the absence of the light. Thereafter, the cells were washed five times with PBS and HFSCs were added to the culture medium. The recovered medium was used as the negative control in the subsequent experiment.

Co-cultivation of DPCs and HFSCs
--------------------------------

We designed a pipeline to induce HFSCs differentiation and directly determine HF fate. The HFSCs were co-cultured with DPCs using transwell devices. In brief, after platting HFSCs in six-well plates, transwell inserts were added and then seeded with DPCs. All cells were cultured in fresh DMEM/F12 medium, and the HFSCs were harvested after 7 days. Total RNA and protein were extracted from at least three independent samples and analyzed using quantitative real-time PCR (qRT-PCR) and Western blotting, respectively.

To verify that the exosomes derived from the DPCs can be transported to HFSCs, after labeling the DPCs with DiI these were co-cultured with HFSCs in 0.4 μm transwells. As a negative control, HFSCs were incubated in the recovered medium used as the final wash for DiI-labeled cells, and observed under a fluorescence microscope after 24 h. After labeling exosomes with DiI, the incubated HFSCs were observed under a fluorescence microscope after 16 h.

Hematoxylin & eosin (H&E) staining
----------------------------------

Some of the skin samples taken from the back of the Shaanbei White cashmere goat adults were biopsied in mid-March and mid-August. After harvesting, skin samples were fixed on a cardboard with pins on each corner. Tissue biopsies were fixed on the board in 4% paraformaldehyde, and then embedded in paraffin using routine histologic procedures. Four-micrometer sections were cut using a microtome, and, after H&E staining was carried out, longitudinal sections of HFs were obtained under a light microscope (40× and 100× amplification).

Transmission electron microscopy
--------------------------------

The identified HFSCs were fixed with 2.5% glutaric PBS for 4 h or overnight. Thereafter, the cells were rinsed with PBS, fixed with 1% osmium tetroxide, rinsed with double-distilled water (ddH~2~O), fixed/stained with 2% uranyl acetate, and gradient dehydrated in 50%, 70%, 90%, 100% ethanol, and acetone, prior to infiltration, embedding, and polymerization. Sections of the embedded cells were cut using an ultramicrotome, followed by staining with uranyl acetate and lead citrate.

Isolated exosomes derived from DPCs were diluted 10 times, fixed in 4% paraformaldehyde, and then layered on a carbon/Formvar film-coated TEM grid (EMCN®, Beijing, China) for 20 min. The grids were treated with 1% glutaraldehyde and then washed eight times with ddH~2~O (2 min each time), and stained with 1% uranyl acetate for 10 min. The preparations were dried naturally and observed using a transmission electron microscope (Tecnai G2 Spirit Bio, FEI Company, Hillsboro, OR, USA). The Feret\'s diameter of the particles was determined using ImageJ software (Rasband, W.S., U.S. National Institutes of Health, Bethesda, Maryland, USA, <http://imagej.nih.gov/ij/>, 1997-2014).

Quantitative real-time PCR
--------------------------

To identify the purified HFSCs, the mRNA expressions of *K15*, *CD34,* and *ITGβ1* were determined by qRT-PCR. Total RNAs were extracted from samples using the RNeasy kit (Takara Biotechnology, Dalian, China) following the manufacturer\'s instructions. Complementary DNAs were then synthesized from 300 ng total RNA using the First Strand cDNA Synthesis kit (Thermo Fisher Scientific) according to the manufacturer\'s protocol. The qRT-PCR was performed in a CFX96 Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Similarly, qRT-PCR was used to confirm the expression levels of *S100A3* and *K6* mRNA in HFSCs in which differentiation had been induced by DPCs.

To validate the miRNA expression data obtained from sequencing, the expression of eight miRNAs (miR-1, miR-122, miR-378-3p, miR-145-5p, let-7f-5p, miR-21-5p, miR-592, and miR-106a-5p) was determined in six samples (three DPC and three DPC-Exos samples) using qRT-PCR. Small RNAs were extracted from cultured cells and exosomes as described above and then spiked with synthetic cel-miR-39 as an internal loading control for analysis of miRNA expression using qRT-PCR [@B28]. The primer sequences used for qRT-PCRs are listed in Supplementary Table [S1](#SM0){ref-type="supplementary-material"}. All qRT-PCR reactions were repeated three times, independently.

miRNA library construction and sequencing
-----------------------------------------

Small RNAs from DPCs and DPC-Exos were used for miRNA library construction and sequencing, which were performed by Novogene Co., Ltd., Beijing, China, using 20 ng small RNA per sample as the input material. Sequencing libraries were constructed following the recommendations of the manufacturer of NEBNext® Multiplex Small RNA Library Prep Set (NEB, Ipswich, MA, USA) for Illumina® (San Diego, CA, USA). Small RNAs were reverse transcribed and then amplified in the Illumina HiSeq 2500 platform that generated 50-bp single-end reads for sequencing. Sequencing data were trimmed using Cutadapt to remove the reads containing poly-N, 5′ adapter contaminants, poly A, T, G, or C, reads without a 3′ adapter or insert tag, and low quality reads [@B30], and then aligned against the goat reference database (GCF_001704415.1_ARS1_genomic.fna) using bwa-mem [@B31]. Known miRNAs were detected by using Mapped small RNA tags and the miRBase21 as reference. To remove tags originating from protein-coding genes, repeat sequences, ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), and small nucleolar RNA (snoRNA), small RNA tags were mapped to RepeatMasker and Rfam databases or to these types of data from cow and sheep species. In alignment and annotation, some small RNA tags might be mapped to more than one category. Accordingly, to ensure that each small RNA was mapped to only one annotation, we adopted the following priority rule: miRNA \> rRNA \> tRNA \> snRNA \> snoRNA \> novel miRNA.

Novel miRNAs were predicted using mireap via analyses of the secondary structure, Dicer cleavage site, and minimum free energy of the small RNA tags unannotated in the previous. Micro RNA expression levels were estimated in terms of transcripts per million (TPM) based on the following criterion [@B32]: Normalization formula, Normalized expression = mapped read counts /Total reads × 1,000,000. Differential expression analysis of two conditions/ groups was performed using the DESeq R package (1.20.0), adjusting the *P*-value with the q value [@B33]. A q value \<0.05 and \|log2 (fold change)\| \>1 were set as the default thresholds for significantly different expression.

Target gene prediction, and gene ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses
---------------------------------------------------------------------------------------------------------

Prediction of the target genes of the top 34 miRNAs was performed using RNA22 (R22) (Version 2.0) [@B34] and Pita (Version 6.0) [@B35]. Target gene candidates of differentially expressed miRNAs were screened for gene ontology (GO) enrichment (hereafter referred to "target gene candidates"). GOseq-based Wallenius non-central hyper-geometric distribution [@B36], which can compensate for gene length bias, was implemented for GO enrichment analysis. We used KOBAS [@B37] software to determine the enrichment of the target gene candidates in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

Immunofluorescent staining
--------------------------

To analyze HFSCs by immunofluorescent staining, the cells were first fixed and blocked with 4% paraformaldehyde, and then incubated with the following primary antibodies: anti-K15 (1:100, ab111448; Abcam), anti-ITGβ1 (1:100, ab155145; Abcam), and anti-CD34 (1:100, ab81289; Abcam). After this incubation, HFSCs were incubated with fluorescein isothiocyanate-conjugated secondary antibodies and counterstained with 4′,6-diamidino-2- phenylindole (DAPI; Sigma-Aldrich, St. Louis, MI, USA). Culture plates were visualized using a fluorescence microscope (AMG, Mill Creek, WA, USA).

Western blot analysis
---------------------

The HFSCs and DPCs were lysed in 250 μL radioimmunoprecipitation assay (RIPA) buffer containing 1 mM phenylmethane sulfonyl fluoride (PMSF) (both Beyotime Biotech, Jiangsu, China). The lysed cells were centrifuged, and the resulting supernatants mixed with 4× sodium dodecyl sulfate (SDS) buffer containing 50 mM dithiothreitol. After boiling, the samples, together with protein standards (\#1610374; Bio-Rad), were subject to 12% SDS- polyacrylamide gel electrophoresis (PAGE) in running buffer at 90 V for 2 h. Following separation, the proteins were electrotransferred onto polyvinylidene difluoride membranes, which were then incubated with TBST (50 mM Tris, 150 mM NaCl, 0.05% Tween-20) for 1 h at room temperature. The membranes were probed with anti-K15 (1:1000, ab111448; Abcam), anti-ITGβ1 (1:1000, ab155145; Abcam), and anti-CD34 (1:1000, ab81289; Abcam), and their binding was detected using an enhanced chemiluminescence reagent (GE Healthcare Bioscience, Chicago, IL, USA) following the manufacturer\'s instructions. To ensure that similar levels of total proteins were loaded onto gels, the membranes were stained with Swift Membrane Stain (G Biosciences, St. Louis, MO, USA) according to the manufacturer\'s instructions. An imaging system (ChampChemi™ Top 610, Sage Creation Science, Beijing, China) was used to visualize the protein bands.

Exosome samples were also analyzed following lysis in SDS buffer containing 50 mM dithiothreitol with boiling for 5 min at 100 ºC. For detection, membranes were probed with anti-CD63 (25682-1- AP) and anti-Canx (10427-2-AP) (both Proteintech Group, Inc., Rosemont, IL, USA).

Exosome isolation and labeling
------------------------------

Exosomes were isolated from 40 mL serum-free culture medium containing DPCs via a series of differential ultracentrifugation steps as described previously [@B29]. The DPCs were cultured in 10% FBS medium until cell density reached 60%, washed five times with DPBS (Hyclone), and then cultured with 10% knockout serum replacement (KSR) (A3181502, Thermo Fisher Scientific) medium. After 48 h, the medium was collected and gradient-centrifuged; first at 300 ×g for 10 min to eliminate residual cells, and then at 2000 ×g for 10 min to eliminate dead cells. To remove cell debris, the medium was finally centrifuged at 10,000 ×g for 30 min. Thereafter, the supernatant was collected and filtered through a 0.22-μm membrane to remove large particles. Ultracentrifugation was performed at 100,000 ×g for 70 min to pellet the DPC-Exos. The pellets were then washed in PBS at 100,000 ×g for 70 min. All centrifugations were performed at 4 ºC. The resulting pellets were resuspended in PBS for further analysis. The isolated DPC-Exos were labeled for 1 h with 1 μM DiI in a 37 ºC water bath; the entire process was conducted in the dark. Following the addition of PBS to fill the centrifuge tubes, the labeled exosomes were centrifuged at 100,000 ×g for 70 min at 4 ºC. After resuspended the resulting pellet in 100 μL PBS, the tubes were wrapped in tin foil and stored at -80 ºC.

Nanoparticle tracking analysis
------------------------------

To determine the particle size and concentration of DPCs within 10% KSR medium, we performed nanoparticle tracking analysis (NTA) using a NanoSight LM10 instrument (Malvern Instruments, Malvern, UK). Initially, exosome preparations were diluted in PBS to obtain an ideal concentration of 10^6^ to 10^8^ particles/mL. Each analysis required at least 300 μL of diluted sample, and this was mixed by vortexing before being injected into the chamber. Three videos of diluted samples were recorded and the resulting counts were averaged for each diluted sample (three replicates per sample). The duration of moving particles was 60 s for each video, with a shutter speed of 30 ms and camera gain of 680. The data were analyzed using NTA 2.3 analytical software (Malvern Instruments).

Cell proliferation assays
-------------------------

To confirm the effects of miR-22-5p on HFSCs, either miR-22-5p mimics or negative control (NC) (GenePharma, Shanghai, China) were transfected into HFSCs using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer\'s instructions. Each sample was transfected in triplicate. Cell proliferation was measured using the CCK-8 kit (Dojindo Molecular Technologies, Inc., Kumamoto, Japan), the EdU Cell Proliferation kit with Alexa Fluor 488 Imaging kit (Thermo Fisher Scientific), and cell cycle. The cells were seeded into 96-, 48-, and six-well microplates at a density of 5 × 10^3^, 1 × 10^4^, and 5 × 10^4^ cells per well. Forty-eight hours after transfection with miRNA-22-5p mimics or NC, cell proliferation was detected using the CCK-8 kit, EdU kit, or cell cycle following the manufacturer\'s instructions. The absorbance of samples was measured at 450 nm using a plate reader.

Statistical analyses
--------------------

All results are expressed as the mean ± standard deviation (SD) of at least three independent experiments. Microsoft Excel was used for statistical analyses. The statistical significance of differences was evaluated using paired *t*-tests and considering *P* \<0.05 as statistically significant.

Results
=======

Isolation and identification of HFSCs from Shaanbei White cashmere goats
------------------------------------------------------------------------

Within the HFs, HFSCs are localized in a specialized niche, referred to as the bulge, and contribute to HF regeneration and wound repair [@B38]. They can also differentiate to epidermal and sebaceous gland cells, and eight different types of HF epithelial cells [@B39]. To obtain the desired HFSCs, single cashmere goat HFs were isolated and used for adherent culture. After 3 days, few cells had migrated from the bulge region but this number increased by the sixth day of culture (Figure [1](#F1){ref-type="fig"}A). The CD34^+^ cells were isolated and purified by flow cytometry to obtain CD34^+^ cells with purity over 90% (Figure [1](#F1){ref-type="fig"}B). Morphologically, these cells were small and round with a three-dimensional nest-like shape, refractive, and were characterized by a cobblestone-like pavement growth. Within each cell, a centralized nucleus containing more than two nucleoli was observed, as well as a high nuclear-cytoplasmic ratio. These are typical morphological characteristics of skin stem cells (Figure [1](#F1){ref-type="fig"}C, 1D). The isolated and purified cells proliferated slowly during the first 1 to 3 days of incubation, but thereafter began to proliferate rapidly and entered the logarithmic growth phase. On the eight day, the proliferation gradually slowed down and cell growth entered the plateau phase (Figure [1](#F1){ref-type="fig"}E).

To characterize these cashmere goat bulge- derived cells, the expressions of the HFSC markers *CD34*, *K15*, and *ITGβ1* were analyzed at both the mRNA and protein levels. Positive expression of CD34, K15, and ITGβ1 was detected by Western blotting (Figure [1](#F1){ref-type="fig"}F) and immunofluorescence (Figure [1](#F1){ref-type="fig"}G) analyses, and we found that the mRNA expression levels of *CD34*, *K15*, and *ITGβ1* in HFSCs were significantly increased compared with those in DPCs (*P* \<0.05) (Figure [1](#F1){ref-type="fig"}H). To further verify the differentiation capacity of the bulge-derived cells, these were induced to differentiate via co-culture with DPCs. The marker mRNAs of HFSCs cultured in normal medium and co-cultured with DPCs were detected by qRT-PCR. The results showed that, compared with HFSCs cultured in isolation, the expression of the HF-specific markers *S100A3* and *K6* in the HFSCs co-cultured with DPCs were significantly increased (*P* \<0.05) (results not shown). These data indicated that the cells isolated from HFs exhibited HFSC properties and differentiation potential. Therefore, the *in vitro* culture system established for HFSCs in this study can be used in further research.

Identification and transport of exosomes in DPCs
------------------------------------------------

By inducing the differentiation of HFSCs, DPCs play a key role in regulating hair growth [@B9], [@B40], [@B41], and DPC-Exos may be important regulatory factors in this process. Therefore, DPC-Exos were isolated and identified in the present study. To examine the purity of the DPC-derived extracellular vesicles (DPC-EVs), we employed several different methods. The results of Western blot analysis showed that the exosome-specific marker CD63 was detected in DPCs-EVs, whereas the cell marker Canx was not (Figure [2](#F2){ref-type="fig"}A). The NTA revealed that the average size of DPC-EVs was 123.8 ± 0.6 nm (Figure [2](#F2){ref-type="fig"}B). Transmission electron microscopy revealed that DPC-EVs were \~100 nm and the presence of round EVs, as well as EV membranes (Figure [2](#F2){ref-type="fig"}C), whereas no similar structure was identified in DPBS or in the culture medium containing serum substitutes (results not shown). Accordingly, we were able to verify that these EVs were exosomes. To analyze the uptake of DPC-Exos into HFSCs, we labeled the DPCs and DPC-Exos with the fluorescent dye DiI and then co-cultured the DiI-labeled DPCs with HFSCs for 24 h using a transwell system; the DiI signals on HFSCs were observed using fluorescence microscopy. The HFSCs were also incubated in the medium that had been used as a final wash in the preparation of DiI-labeled DPCs, but no fluorescence signals were detected excluding the possibility of non-specific staining (Figure [2](#F2){ref-type="fig"}D). Fluorescence microscopy revealed the uptake DiI-labeled DPC-Exos by HFSCs (Figure [2](#F2){ref-type="fig"}E), and that the exosomes present in DPCs could be internalized by HFSCs. To examine cell morphological differences during the HF cell cycle, we collected skin samples in the anagen (mid-September) and the telogen (mid-March) phases, which were determined according to HF morphological characteristics. The H&E staining showed that the size of DPs in secondary HFs changed dramatically between anagen and telogen phases, and that HF undergo a structural change that brings DP closer to HFSCs in the telogen phase (Figure [2](#F2){ref-type="fig"}F). Current evidence suggests that the proximity between DP and HFSCs is necessary for HFSCs activation and generation of a new hair [@B42]-[@B44]. Taken together, these results indicated that DPCs migrate close to the bulge where HFSCs are located during the telogen phase and may regulate HFSCs by deriving exosomes to generate new hair germ cells.

miRNA expression profile of DPC-Exos
------------------------------------

Exosomes are known to contain miRNAs, which can be delivered to other cells thereby affecting cellular function [@B45]. Because miRNA expression profiles vary according to cell type and growth conditions [@B46], in the present study, we sought to investigate the miRNA expression profiles of exosomes derived from DPCs using Illumina HiSeq high-throughput sequencing. Among the 77,144,497 raw reads produced, 69,930,479 were clean reads, and the clean read generation rate was higher than 91% for all samples.

To identify known miRNAs, the clean reads from DPCs and DPC-Exos libraries were compared with the goat genome reference sequence. The remaining reads were used to predict novel miRNAs (Supplementary Table [S2](#SM0){ref-type="supplementary-material"}). To focus on the highly represented miRNAs, unique reads were normalized and miRNAs with a TPM value lower than 0.5 in three samples were omitted from the analysis. Finally, 271 types of known miRNAs and 336 predicted novel miRNAs were identified (Supplementary Table [S3](#SM0){ref-type="supplementary-material"}, Supplementary Table [S4](#SM0){ref-type="supplementary-material"}). We found high similarity in the expression patterns of both DPC and DPC-Exos samples (Figure [3](#F3){ref-type="fig"}A). The number of overlapping and unique miRNAs between DPCs and DPC-Exos are shown in Figure [3](#F3){ref-type="fig"}B. The raw sequencing data generated here were submitted to the National Center for Biotechnology Information (NCBI) sequence read archive (SRA) under accession number PRJNA511763.

When we compared the expression levels of miRNAs in DPC-Exos and DPCs, using a \|log2 (fold change)\| \>1 and adjusted *P* \<0.05 as the threshold cutoffs, we found that among the 271 known miRNAs, 111 showed significantly different expression between DPC-Exos and DPCs (Figure [3](#F3){ref-type="fig"}C, Supplementary Table [S5](#SM0){ref-type="supplementary-material"}). We detected the expression of 142 novel miRNAs in DPC-Exos and DPCs, which are depicted in the volcano plots shown in Figure [3](#F3){ref-type="fig"}D and [3](#F3){ref-type="fig"}E. Collectively, these data indicated that exosomal miRNAs were differentially expressed in DPC-Exos and DPCs.

To verify the sequencing data, we selected three miRNAs (miR-1, miR-122, and miR-348-3p) that were up-regulated in DPC-Exos, three miRNAs (miR-145- 5p, let-7f-5p, and miR-21-5p) that were down- regulated in DPC-Exos, and two undifferentiated miRNAs (miR-592 and miR-106a-5p) from the miRNA array. Consistent with the miRNA sequencing data, the qRT-PCR showed similar trends of miRNA expressions (Figure [3](#F3){ref-type="fig"}F). These data indicated that our preliminary screening assay for differentially expressed miRNAs in exosomes was reliable and feasible. Further, these miRNAs may play a functional role in exosomal miRNA signatures related to HFSC biological processes.

DPC-Exos miRNAs with altered gene expression are involved in cellular processes and hair morphogenesis pathways
---------------------------------------------------------------------------------------------------------------

To determine which cellular and biological pathways are potentially regulated by exosomal miRNAs derived from DPCs, we performed a comprehensive comparison between the predicted target genes for the top 34 differentially expressed miRNAs, 22 and 12 of which were significantly up- and down-regulated in DPC-Exos, respectively (Supplementary Table [S6](#SM0){ref-type="supplementary-material"}).

To gain a better understanding of the gene networks in DPC-Exos, we performed GO and KEGG analyses. The differentially expressed genes were found to be significantly enriched in 50 GO terms associated with molecular function, 60 GO terms associated with biological processes, and nine GO terms associated with cell components. Additional analysis revealed that 93.9% of the genes were involved in molecular function and 53.1% of the genes were related to binding (Figure [4](#F4){ref-type="fig"}A, Supplementary Table [S7](#SM0){ref-type="supplementary-material"}). Differentially expressed genes were enriched in KEGG pathways related to 40 biological functions, and mostly to HF intercellular communication including axon guidance, glycosylphosphatidylinositol (GPI)-anchor biosynthesis, endocytosis, fatty acid metabolism, and Ras signaling pathway (Figure [4](#F4){ref-type="fig"}B, Supplementary Table [S8](#SM0){ref-type="supplementary-material"}). These findings indicated that the identified pathways were involved in the proliferation and differentiation of HFSCs and hair development.

To gain further insights into the role of DPC-Exos in HF development related to the miRNA/target gene interactive networks, we determined the interaction network of nine candidate miRNAs among the selected 34 miRNAs and 29 differentially expressed genes associated with HFSCs and hair growth [@B47]-[@B53] (Figure [4](#F4){ref-type="fig"}C, Supplementary Table [S9](#SM0){ref-type="supplementary-material"}). Among the top 25 upregulated miRNAs in our screening, miR-let-7b-5p and miR-22-5p were identified as exosomal-enriched miRNAs that target genes related HF fate, including Dlx3, Foxn1, and Hoxc13, and the Wnt/Bmp antagonist Sostdc, respectively [@B54].

Exosomal miR-22-5p derived from DPCs inhibited HFSC proliferation and targeted *LEF1*
-------------------------------------------------------------------------------------

The expression of miR-22-5p was significantly higher in DPC-Exos than in DPCs and targeted multiple genes critical for HF and hair shaft formation [@B54]. To determine whether exosomal miR-22-5p influences HFSC proliferation, we performed CCK-8 and EdU assays, and showed that the proliferation of HFSCs transfected with miR-22-5p mimics was significantly decreased (*P* \<0.01) compared with those transfected with NC (Figure [5](#F5){ref-type="fig"}A-[5](#F5){ref-type="fig"}C). Subsequently, cell cycle phase distribution was analyzed using flow cytometry, and the results also revealed that overexpression of miR-22-5p induced HFSC cycle arrest at the S phase (Figure [5](#F5){ref-type="fig"}D-[5](#F5){ref-type="fig"}E). Collectively, these results indicated that miR-22-5p inhibits HFSC proliferation.

To further examine the molecular mechanisms underlying the inhibition of HFSC proliferation by miR-22-5p, we screened genes*LEF1*,*FOXP1*,*IGF1R*, *SOX9*, *MSI2*, and *FOXC1* based on the results of miR-22-5p target gene prediction, and analyzed their activities using a dual luciferase reporter assay. The luciferase activities of *FOXP1* and *LEF1* were significantly decreased after transfection with miR-22-5p mimics. However, mutation of the target gene binding-site was found to result in recovery of the luciferase activity of *LEF1*, whereas the luciferase activity of *FOXP1* was still significantly inhibited. Furthermore, we detected no interaction between miR-22-5p and the predicted target sites of *IGF1R, SOX9*, *MSI2*, and *FOXC1*, thus suggesting that *LEF1* is the target gene of miR-22-5p, and that miR-22-5p can regulate *LEF1* via the predicted target site (Figure [5](#F5){ref-type="fig"}F). Taken together, these results indicated that DPC-Exo miR-22-5p inhibits HFSC proliferation and targets the *LEF1* gene.

Discussion
==========

Cashmere fiber growth is a seasonal phenomenon characterized by a number of changes in HF morphology [@B55]. Hair follicle morphogenesis and cycling are regulated by complex and intricate interactions between DPCs and HFSCs, and require the spatiotemporal integration of multiple stimulatory and inhibitory signals [@B56]-[@B59], among which the WNT and BMP/TGFβ pathways play important roles [@B59], [@B60]. The DPC regulation of HF growth is mediated via a paracrine mechanism, in which exosomes may play a seminal role [@B11], [@B61]. Although DPC-Exos are known to promote the anagen stage of HF growth and delay the catagen stage [@B10], the role of DPC-Exos in regulating HFSC fate has yet to be determined. In the present study, we successfully isolated cashmere goat DPC-Exos from DPCs culture media that were consistent in terms of size and shape with exosomes reported in previous studies [@B62] and demonstrate that DPC-Exos can be transported into HFSCs.

With the continuing development of bioinformatics, the selection of candidate genes and miRNAs associated with periodic growth is becoming a common trend in cashmere goats [@B18]-[@B20]. However, previous high-throughput studies have tended to examine only HF or single-type cells. Although recent evidence indicated that exosomes are implicated in HF periodic growth [@B63], there is a lack of information concerning the regulatory role played by DPC-Exos miRNAs. To the best of our knowledge, the present study is the first in which the miRNA expression profiles of DPC-Exos have been verified using miRNA high-throughput sequencing. We identified five miRNAs (miR-200b, miR-200c, miR-330-5p, miR-200a, and miR-133a-5p) that are expressed in DPCs-Exos but not in DPCs. Among these, previous research has indicated that miR-200b and miR-200c are highly expressed in skin epidermal cells and that this expression is related to epithelial-mesenchymal transition [@B21], [@B22], highlighting the emerging role of the miR-200 family of miRNAs in cancer metastasis and epithelial-mesenchymal transition. Furthermore, some miRNAs may be particularly packed into exosomes and it has been suggested that the profile of miRNAs derived from exosomes does not reflect that of the donor cell [@B64]. In the present study, we determined exosomal miRNA profiles for comparison with cellular miRNA expression profiles. These unique exosomal miRNAs may play essential roles in the complex and intricate interactions between DPCs and HFSCs.

Exosomal miRNA-targeted genes provide an experimental basis for further research on the regulatory mechanisms of miRNAs [@B65]. Accumulating data indicate that certain miRNAs, including miR-214 and miR-205, are implicated in HFSC proliferation and differentiation by targeting the Wnt/β-Catenin and PI(3)K signaling pathways *in vitro* [@B66], [@B67]. To date, however, the function of the exosomal miRNA-mRNA network at the molecular level has not been fully determined. Twenty-nine of the target genes identified here are associated with HFSCs and hair shaft growth [@B47]-[@B53]. In the present study, we identified axon guidance signaling as the most significant pathway, as it was associated with 62 of the identified target genes. Axon guidance signaling was enriched in multiple signatures, implying that these factors play important roles in driving the large-scale cellular rearrangements necessary for HF formation and orientation [@B68], [@B69]. Recent studies have reported that fatty acids can function as ligands for peroxisome proliferator- activated receptors, promoting keratinocyte differentiation [@B70]. In this regard, in addition to containing unique miRNAs, exosomes are also characterized by a specific composition of lipids and proteins [@B71], and in the present study, we found that the miRNAs expressed in DPC-Exos are related to lipid and fatty acid metabolism signaling pathways.

Exosomes, as important components of paracrine signaling, can mediate the communication between distant cells via the direct transfer of various biomolecules, including miRNAs, from donor to recipient cells [@B72]. In the present study, we identified some of the mechanistic roles of these organelles in cellular communication, including their involvement in lipid rafts, the Ras signaling pathway, and endocytosis. We found that 80% of the genes associated with the GPI-anchor biosynthesis signaling pathway are target genes of exosomal miRNAs, and we identified lipid rafts as playing potential roles in HF epithelial-mesenchymal interactions [@B73]. The Ras signaling pathway is enriched in exosomes [@B74], thereby indicating the mechanistic role of exosomes in cellular activation and that exosomal miRNAs might exert a regulatory function in determining HFSC fate through networking with these cellular communication signaling pathways. Many paracrine factors and signaling pathways involved in this crosstalk at different stages of the hair cycle have been reported [@B75], [@B76], and the findings of the present study will facilitate further analysis to determine how DPC-Exos regulate cellular interactions through paracrine mechanisms.

Recent research has indicated that miR-22 represses hair neogenesis and HFSC colony formation capacity, and directly inhibits numerous transcription factors upstream the phenotypic keratin genes, including*Hoxc13*, *Dlx3*, and *Foxn1* [@B54]. Notably, we found that DPC-Exos miRNA-22 consists of two forms, miR-22-5p and miR-22-3p; however, whereas the log2 fold change of miR-22-5p was 4.4, that of miR-22-5p was 1.74, indicating that these two forms of miRNA-22 may play different roles in HFSC development. It has been demonstrated that DPC-Exos stimulate the expression of β-catenin, which regulates HF development [@B11], whereas the activation of Wnt signaling modulates inductive signals in HF epithelial-mesenchymal interactions, thereby positively regulating HF growth and inducting and maintaining the anagen phase and hair cycle regeneration [@B77], [@B78]. Our observations suggest that DPC-derived exosomal miR-22-5p inhibits Wnt signaling expression. Although the precise mechanisms underlying the action of DPC-Exos in HF development remain to be clarified, we verified that the miR-22-5p produced by DPCs-Exos can regulate HFSC proliferation through targeting*LEF1*, a key transcriptional factor of the Wnt signaling pathway that directs HF patterning and stem cell fate [@B79], [@B80]. Zhang *et al.* demonstrated that *LEF1* plays a key role in HFSC differentiation, promoting β-catenin translocation, thereby determining HFSC-directed hair fate [@B9]. Accordingly, in the present study, we demonstrated that the miR-22-5p-LEF1 axis may constitute a novel pathway for regulating HFSC proliferation. Our findings provide a platform for further enhancing the intrinsic regeneration of HFSCs, which would provide a valuable basis for the development of clinically viable exosome-based therapeutics.

In summary, exosomal miRNAs play a key role in regulating the target genes and signaling pathways that are essential for HFSC proliferation and differentiation, which in turn affect the yield and diameter of cashmere fibers. In the present study, we determined the miRNA expression profiles of exosomes derived from the DPCs of cashmere goat skin, and identified 111 miRNAs that were differentially expressed in the DPC-Exos compared with DPCs. We further revealed that miR-22-5p suppresses HFSC proliferation and targets *LEF1* thereby establishing a new layer in the regulation of HFSC proliferation and differentiation by DPC-Exos miRNAs. Our findings also provide new insights on how to modify the direction HFSC differentiation for tissue engineering purposes.
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![Isolation and characterization of hair follicle stem cells (HFSCs) from the Shaanbei White cashmere goat. A. Adhesion culture of hair follicles. Scale bar, 1000 μm. B. Fluorescence-activated cell sorting of CD34. C. HFSCs after purification. Scale bar, 1000 μm. D. Observation of HFSCs by transmission electron microscopy. Scale bar, 2 μm. E. Growth curve of HFSCs. Passage five HFSCs were seeded in 24-well plates at a density of 1 × 10^4^ cells/mL and cell counts were performed at 24 h intervals using a hemocytometer. Three wells were counted for each time point, and the mean cell number was calculated to plot a cell growth curve. F. Protein expression of HFSC markers. G. Immunocytochemical staining of HFSCs markers. Scale bar, 100 μm. H. Relative mRNA expression levels of HFSC markers.](ijbsv15p1368g001){#F1}

![Identification and functional analysis of exosomes derived from dermal papilla cells (DPCs). A. Detection of CD63 and Canx in exosomes. B. Analysis of exosome size by nanoparticle tracking analysis. C. Observation of DPC-derived exosomes by transmission electron microscopy. Scale bar, 1 μm. D. Transport of extracellular vesicles (EVs) in co-culture without physical contact between different cell types. Transwell systems were used to separate recipient cells from DiI-labeled DPCs, with DiI-labeled DPCs in the upper filter and hair follicle stem cells (HFSCs) in the lower chamber. Scale bar, 100 μm. E. DiI-labeled exosomes derived from DPCs (DPC-Exos) were taken up by HFSCs (DiI label is shown in red, 4′,6-diamidino-2-phenylindole label is shown in blue). Scale bar, 200 μm. F. Hematoxylin and eosin staining results of goat hair cells in the anagen and telogen phases. Red arrows show the location of dermal papillae. Scale bar, 200 μm.](ijbsv15p1368g002){#F2}

![miRNA expression profiles of exosomes derived from dermal papilla cells (DPC-Exos). A. Schematic diagram of relative miRNA expression between samples. X- and Y-axes represent the sample log10 (TPM+1) and the square of Pearson correlation coefficients (R2), respectively. B. Venn diagram showing the unique and overlapping miRNAs between DPCs and DPC-Exos. Numbers in parentheses are the numbers of differentially expressed miRNAs in DPCs and DPC-Exos. C. Heatmap diagram of differential miRNA expression between DPCs and DPCs-Exos. Red, blue, and white colors indicate increased expression, decreased expression, and mean values, respectively. Each row in the figure represents one miRNA and each column shows one sample. Each cell shows the differential expression of each miRNA. D. Volcano plot of known differential miRNAs. The X-axis represents the miRNA fold change in different groups or samples, whereas the Y-axis represents the statistical significance of the change in miRNA expression. Circles represent miRNA: green circles denote miRNAs that were not significantly expressed, red circles denote significantly up-regulated miRNAs, blue circles denote significantly down-regulated miRNAs. E. Volcano plot of novel differential miRNAs. F. Quantitative real-time PCR validation of miRNAs expression between DPCs and DPC-Exos. The abundances of miR-1, miR-122, miR-378-3p, miR-145-5p, let-7f-5p, miR-21-5p, miR-592, and miR-106a-5 were normalized to the abundance of miRNA 39 (\* *P* \<0.05).](ijbsv15p1368g003){#F3}

![Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. A. Histogram depicting candidate target gene GO enrichment. The X-axis represents the number of target genes associated with a unique term (and corresponding sub-terms). The Y-axis denotes the GO terms. The three different classifications represent the three basic GO term classes (from top to bottom, biological process, cellular component, and molecular function). B. Candidate target gene KEGG enrichment scatter plot. The X-axis represents pathways and the Y-axis represents the enrichment factor. The size of dots indicates the number of target genes in a pathway, and the color of dots indicates the different range of q-values. C. Enrichment map of biological processes targeted by the top 34 differentially expressed miRNAs in DPC-Exos. Nodes represent the 29 genes associated with HFSCs and hair shaft growth and the nine candidate miRNAs that target them, which are connected by the edges.](ijbsv15p1368g004){#F4}

![miR-22-5p inhibits hair follicle stem cell (HFSC) proliferation by targeting *LEF1*. A. CCK-8 was used to detect the effect of miR-22-5p on HFSCs. B-C. The statistical results and representative figures of the effect of miR-22-5p on the proliferation of HFSCs as detected by EdU. \*\* *P* \<0.01; Scale bar, 400 μm. D-E. Effect of miR-22-5p on the cell cycle of HFSCs. \* *P* \<0.05. F. Dual-luciferase reporter assay. \* *P* \<0.05, \*\* *P* \<0.01.](ijbsv15p1368g005){#F5}

[^1]: Competing Interests: The authors have declared that no competing interest exists.
